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FIELD OF THE INVENTION 
[0001] This invention relates generally to non-volatile memories and its operation, and, more 
specifically, to the determination of defective storage elements of the memory. 

BACKGROUND OF THE INVENTION 

[0002] The principles of the present invention have application to various types of non- 
volatile memories, those currently existing and those contemplated to use new technology 
being developed. Implementations of the present invention, however, are described with 
respect to a flash electrically erasable and programmable read-only memory (EEPROM), 
wherein the storage elements are floating gates, as exemplary. 

[0003] It is common in current commercial products for each floating gate storage element 
of a flash EEPROM array to store a single bit of data by operating in a binary mode, where 
two ranges of threshold levels of the floating gate transistors are defined as storage levels. 
The threshold levels of a floating gate transistor correspond to ranges of charge levels stored 
on their floating gates. In addition to shrinking the size of the memory arrays, the trend is to 
further increase the density of data storage of such memory arrays by storing more than one 
bit of data in each floating gate transistor. This is accomplished by defining more than two 
threshold levels as storage states for each floating gate transistor, four such states (2 bits of 
data per floating gate storage element) now being included in commercial products. More 
storage states, such as 16 states per storage element, are contemplated. Each floating gate 
memory transistor has a certain total range (window) of threshold voltages in which it may 
practically be operated, and that range is divided into the number of states defined for it plus 
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margins between the states to allow them to be clearly differentiated from one another. The 
trend towards lower power systems results in a smaller widow of available threshold 
voltages, further aggravating this problem. 

[0004] This is true of the various types of flash EEPROM cell arrays, A NOR array of one 
design has its memory cells connected between adjacent bit (column) lines and control gates 
connected to word (row) lines. The individual cells contain either one floating gate 
transistor, with or without a select transistor formed in series with it, or two floating gate 
transistors separated by a single select transistor. Examples of such arrays and their use in 
storage systems are given in the following U.S. patents and pending applications of SanDisk 
Corporation that are incorporated herein in their entirety by this reference: Patent Nos. 
5,095,344, 5,172,338, 5,602,987, 5,663,901, 5,430,859, 5,657,332, 5,712,180, 5,890,192, 
and 6,151,248, and Serial Nos. 09/505,555, filed February 17, 2000, and 09/667,344, filed 
September 22, 2000. 

[0005] A NAND array of one design has a number of memory cells, such as 8, 16 or even 
32, connected in series string between a bit line and a reference potential through select 
transistors at either end. Word lines are connected with control gates of cells in different 
series strings. Relevant examples of such arrays and their operation are given in the 
following U.S. patents that are incorporated herein in their entirety by this reference: 
5,570,315, 5,774,397 and 6,046,935 and U.S. patent application Serial number 09/893,277, 
filed June 27, 2001. Other examples are given in U.S. patent applications entitled "Highly 
Compact Non-Volatile Memory and Method Thereof, by Raul-Adrian Cernea, and "Non- 
Volatile Memory and Method with Reduced Source Line Bias Errors", by Raul-Adrian 
Cernea and Yan Li, both filed September 24, 2002 and both hereby incorporated by this 
reference. 

[0006] Occasionally, flash memory cells are known to suffer from poor subthreshold slope 
or weak transconductance. These cells are sometimes referred to as g m degraded cells and 
typically have an undesirable current-voltage (I-V) characteristic. The cells have a reduced 
conductivity, but more importantly their turn-off characteristics, defined by their 
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subthreshold slope, are very poor. Thus, the cells are still conducting at gate voltages below 
the threshold voltage, meaning they have a greater capacity to be read incorrectly. 

[0007] Figure 1 compares a typical I-V curve from such a g m -degraded cell to a well- 
behaved cell, where the current is shown in a logarithmic scale. In this figure, a well- 
behaved, or "good", cell is shown with the open squares and a "bad" cell with degraded 
transconductance is shown with the black diamonds. Both cells have been programmed to a 
target state defined by a drain-source current level fos^ in response to a control gate voltage 
Vcg =V,. Aside from this point, the two curves differ, with the bad cell having a lower 
current for higher voltages (the degraded transconductance) and a higher current for lower 
Vcg values (the poor subthreshold slope part). These cells become worse as the memory is 
cycled and the cell characteristics can be improved if the cycling damage is allowed to relax. 
Thus, it is likely that some type of charge model, for example interface states, plays a role in 
causing the poor subthreshold slope and reduced transconductance. These cells can cause 
stored data to be corrupted if the subthreshold slope deteriorates to the point that the cell is 
still conducting even when the gate voltage is below the cell threshold. This significantly 
reduces the read margin and makes the cell very susceptible to "flipping bits" if the read 
conditions are varied. For example, the point I r V 1 were the lines cross would likely be 
determined by the program verify conditions corresponding to some memory state's target 
values, winch will often differ by some margin from the control read voltage used for this 
state. Consequently, the bad cell's current level corresponding to this read voltage will differ 
from that of the good cell, even though they have both been programmed to the same state. 
In fact, this phenomenon is usually seen when memories fail after cycling due to some cells 
flipping from a programmed to an erased state. Additionally, it has been found that bad cells 
tend to drift form their programmed value at a faster rate than the good cells. 

[0008] Although the discussion has been in terms of flash memory cells, more generally it 
will be true of any memory using a transistor based non-volatile storage element where the 
current-voltage properties determine the written data state, for example a dielectric storage 
element. A method to identify cells suffering from this phenomenon before they corrupt the 
stored data would be highly advantageous. 
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ST MM ARY OF THE INVENTION 
[0009] The present invention presents a number of methods for identifying cells with poor 
subthreshold slope and reduced transconductance. These allow the significant difference in 
I-V characteristic of a degraded cell versus a well-behaved cell to be used to identify the 
degraded cells and remove them from the useful portion of the memory before they cause 
data corruption. A first set of techniques focuses on the poor subthreshold behavior of 
degraded storage elements: the cells are programmed to a state above the ground state and 
read with a control gate voltage below the threshold voltage of this state. Well-behaved 
elements will be fully off and have essentially no drain-source current, while a defective cell 
will still produce a measurable amount of current. If this process is performed at test time for 
a new memory, the tested elements can be cycled first to increase this effect. In an 
exemplary embodiment, the programmed elements are read with the control gates set to 
ground and a low current level threshold is used to differentiate degraded cells from good 
cells. 

[0010] A second set of embodiments focuses on the weak transconductance behavior of 
degraded storage elements: the cells are programmed to a state above the ground state and 
then read with a control gate voltage well above the threshold voltage of this state, say at 
around twice V th . As the good cells with have a significantly higher drain-source current at 
this increase voltage than the degraded cells, they can be differentiated on this basis. As with 
the other methods, these techniques can be used when a new device is tested or after it is m 
use, either in response to some timing or usage criteria or dynamically in response to an error 
indication. The defective elements can then be mapped out, either on cellular level or on a 
block (or other memory subdivision) level. 

[0011] A third set of embodiment alters the voltage levels at the source-drain regions of the 
storage elements. In a NAND-type architecture, this can be effected by changing the read or 
over-drive voltage applied to the non-selected control gates during a read operation or by 
directly raising the voltage level on the bit line. The current-voltage curve of a good storage 
element is relatively stable under this shift in bias conditions, while degraded elements 
exhibit a larger shift. The amount of shift can be used to differentiate the good elements 
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from the bad. 

[0012] As degraded cells frequently come in clusters, it often makes sense to perform the 
testing on the basis of blocks or other memory structures. For example, in the third set of 
embodiments, the threshold level distribution for a block of cells can be determined. As the 
read voltage on the non-selected cells is changed, the distribution will shift. In particular, if 
the read voltage is lowered, any bad cells in the block will manifest themselves in the 
development of a tail to the distribution; whereas a block of only well behaved cells will 
maintain a relatively tight distribution. Consequently, by varying the bias conditions and 
looking for the development of a tail in the distributions of threshold voltages, a bad block 
can be identified and removed. 

[0013] Additional aspects, features and advantages of the present invention are included in 
the following description of exemplary embodiments, which description should be taken in 
conjunction with the accompanying drawings. 

BRIEF DFSCRIPTinM OF THE DRAWINGS 
[0014] Figure 1 is an example of a storage element with poor subthreshold slope and weak 
transconductance. 

[0015] Figure 2 is a block diagram of a non-volatile memory system in which the various 
aspects of the present invention can be implemented. 

[0016] Figure 3 illustrates an existing circuit and organization of the memory array of Figure 
2whenaNANDtype. 

[0017] Figure 4 shows a cross-sectional view, along a column, of a NAND type of memory 
array formed on a semiconductor substrate. 

[0018] Figure 5 provides Table 1 of example operating voltages of the NAND memory cell 
array of Figures 2-5. 

[0019] Figure 6 shows subthreshold slope degradation with cycling. 
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[0020] Figure 7 illustrates threshold voltage shift in one storage element due to changes in 
read voltage in adjoining elements. 

[0021] Figure 8 illustrates threshold voltage shift in a block of storage elements due to 
changes in read voltage. 

DESCR TPTTON OF EXEMPLARY EM BODIMENTS 
Exam ple Non-Volatile M emory System 

[0022] With reference to Figures 2-5, an exemplary non-volatile memory system is described 
in which the various aspects of the present invention are implemented, in order to provide 
specific examples. (Figures 2-5 are adapted from U.S. patent number 6,456,528, which is 
hereby incorporated by reference, and are described there in further detail.) Figure 2 is a 
block diagram of a flash memory system. Memory cell array 1 includes a plurality of 
memory cells M arranged in a matrix is controlled by a column control circuit 2, a row 
control circuit 3, a c-source control circuit 4 and a c-p-well control circuit 5. The column 
control circuit 2 is connected to bit lines (BL) of the memory cell array 1 for reading data 
stored in the memory cells (M), for determining a state of the memory cells (M) during a 
program operation, and for controlling potential levels of the bit lines (BL) to promote the 
programming or to inhibit the programming. The row control circuit 3 is connected to word 
lines (WL) to select one of the word lines (WL), to apply read voltages, to apply a program 
yoltages combined with the bit line potential levels controlled by the column control circuit 
2, and to apply an erase voltage coupled with a voltage of a p-type region (labeled as "c-p- 
well" 11 in Figure 4) on which the memory cells (M) are formed. The c-source control 
circuit 4 controls a common source line (labeled as "c-source" in Figure 3) connected to the 
memory cells (M). The c-p-well control circuit 5 controls the c-p-well voltage. 

[0023] The data stored in the memory cells (M) are read out by the column control circuit 2 
and are output to external I/O lines via an I/O line and a data input/output buffer 6. Program 
data to be stored in the memory cells are input to the data input/output buffer 6 via the 
external I/O lines, and transferred to the column control circuit 2. The external I/O lines are 
connected to a controller 20. 
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[0024] Command data for controlling the flash memory device are input to a command 
interface) connected to external control lines that are connected with the controller 20. The 
command data informs the flash memory of what operation is requested. The input 
command is transferred to a state machine 8 that controls the column control circuit 2, the 
row control circuit 3, the c-source control circuit 4, the c-p-well control circuit 5 and the data 
input/output buffer 6. The state machine 8 can output a status data of the flash memory sufch 
as READY/BUSY or PASS/FAIL. 

[0025] The controller 20 is connected or connectable with a host system such as a personal 
computer, a digital camera, or a personal digital assistant. It is the host that initiates 
commands, such as to store or read data to or from the memory array 1, and provides or 
receives such data, respectively. The controller converts such commands into command 
signals that can be interpreted and executed by the command circuits 7. The controller also 
typically contains buffer memory for the user data being written to or read from the memory 
array. A typical memory system includes one integrated circuit chip 21 that includes the 
controller 20, and one or more integrated circuit chips 22 that each contain a memory array 
and associated control, input/output and state machine circuits. The trend, of course, is to 
integrate the memory array and controller circuits of a system together on one or more 
integrated circuit chips. The memory system may be embedded as part of the host system, or 
may be included in a memory card that is removably insertable into a mating socket of host 
systems. Such a card may include the entire memory system, or the controller and memory 
array, with associated peripheral circuits, may be provided in separate cards. 

[0026] With reference to Figure 3, an example structure of the memory cell array 1 is 
described. A flash EEPROM of a NAND type is described as an example. The memory 
cells (M) are partitioned into 1,024 blocks, in a specific example. The data stored in each 
block are simultaneously erased. The block is thus the minimum unit of a number of cells 
that are simultaneously erasable. In each block, in this example, there are 8,512 columns that 
are divided into even columns and odd columns. The bit lines are also divided into even bit 
lines (BLe) and odd bit lines (BLo). Four memory cells connected to the word lines (WL0 to 
WL3) at each gate electrode are connected in series to form a NAND cell unit. One terminal 
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of the NAND cell unit is connected to corresponding bit line (BL) via a first select transistor 
(S) which gate electrode is coupled to a first select gate line (SGD), and another terminal is 
connected to the c-source via a second select transistor (S) which gate electrode is coupled to 
a second select gate line (SGS). Although four floating gate transistors are shown to be 
included in each cell unit, for simplicity, a higher number of transistors, such as 8, 16 or even 
32, are used. 

[0027] During a user data read and programming operation, 4,256 cells (M) are 
simultaneously selected, in this example. The cells (M) selected have the same word line 
(WL), for example WL2, and the same kind of bit line (BL), for example the even bit lines 
BLeO to BLe4255. Therefore, 532 bytes of data can be read or programmed simultaneously. 
This 532B data simultaneously read or programmed forms a "page" logically. Therefore, 
one block can store at least eight pages. When each memory cell (M) stores two bits of data, 
namely a multi-level cell, one block stores 16 pages in the case of two bit per cell storage. In 
this embodiment, the storage element of each of the memory cells, in this case the floating 
gate of each of the memory cells, stores two bits of user data. 

[0028] Figure 4 shows a cross sectional view of a NAND cell unit of the type shown 
schematically in Figure 3, in the direction of the bit line (BL). At a surface of a p-type 
semiconductor substrate 9, a p-type region c-p-well 1 1 is formed, the c-p-well being enclosed 
by an n-type region 10 to electrically isolate the c-p-well from the p-type substrate. The n- 
type region 10 is connected to a c-p-well line made of a first metal M0 via a first contact hole 
(CB) and an n-type diffusion layer 12. The p-type region c-p-well 1 1 is also connected to the 
c-p-well line via the first contact hole (CB) and a p-type diffusion layer 13. The c-p-well line 
is connected to the c-p-well control circuit 5 (Figure 2). 

[0029] Each memory cell has a floating gate (FG) that stores an amount of electric charge 
corresponding to the data being stored in the cell, the word line (WL) forming the gate 
electrode, and drain and source electrodes made of the n-type diffusion layer 12. The 
floating gate (FG) is formed on the surface of the c-p-well via a tunnel oxide film (14). The 
word line (WL) is stacked on the floating gate (FG) via an insulator film (15). The source 
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electrode is connected to the common source line (c-source) made of the first metal (MO) via 
the second select transistor (S) and the first contact hole (CB). The common source line is 
connected to the c-source control circuit (4). The drain electrode is connected to the bit line 
(BL) made of a second metal (Ml) via the first select transistor (S), the first contact hole 
(CB), an intermediate wiring of the first metal (MO) and a second contact hole (VI). The bit 
line is connected to the column control circuit (2). 

[0030] Table I of Figure 5 summarizes voltages applied to operate the memory cell array 1, 
in a specific example, each memory cell's floating gate storing two bits, having one of the 
states "11", "10", "01, "00". This table shows the case where the word line "WL2" and the 
bit lines of "BLe" are selected for reading and programming. By raising the c-p-well to an 
erase voltage of 20V and grounding the word lines (WL) of a selected block, the data of the 
selected block is erased. Since all of the word lines (WL) of the unselected blocks, bit lines 
(BL), select lines (SG) and c-source are put in a floating state, these are also raised to almost 
20V due to a capacitive coupling with the c-p-well. Therefore, a strong electric field is 
applied to only the tunnel oxide films 14 (Figures 4 and 5) of the selected memory cells (M), 
and the data of the selected memory cells are erased as a tunnel current flows across the 
tunnel oxide film 14. The erased cell is, in this example, one of the four possible 
programmed states, namely "11". 

[0031] In order to store electrons in the floating gate (FG) during a programming operation, 
the selected word line WL2 is connected to a program pulse Vpgm and the selected bit lines 
BLe are grounded. On the other hand, in order to inhibit the program on the memory cells 
(M) in which programming is not to take place, the corresponding bit lines BLe are 
connected to Vdd of a power supply, for example 3V, as well as the unselected bit lines BLo. 
The unselected word lines WL0, WL1 and WL3 are connected to 10V, the first select gate 
(SGD) is connected to Vdd, and the second select gate (SGS) is grounded. As a result, a 
channel potential of the memory cell (M) that is being programmed is set at 0V. The channel 
potential in the program inhibition is raised to around 6V as a result of the channel potential 
being pulled up by the capacitive coupling with the word lines (WL). As explained above, a 
strong electric field is applied to only the tunnel oxide films 14 of the memory cells (M) 
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during programming, and the tunnel current flows across the tunnel oxide film 14 in the 
reverse direction compared to the erase, and then the logical state is changed from "11" to 
one of the other states "10", "01, or "00". 

[0032] In the read and verify operations, the select gates (SGD and SGS) and the unseated 
word lines (WL0, WL1 and WL3) are raised to a read pass voltage of 4.5V to make these as 
pass gates The selected word line (WL2) is connected to a voltage, a level of which is 
specified for each read and verify operation in order to determine whether a threshold voltage 
of the concerned memory cell has reached such level. For example, in a READ 10 operation, 
the selected word line WL2 is grounded, so that it is detected whether the threshold voltage 
is higher than 0V. In this read case, it can be said that a read level is 0V. In a VERIFY01 
operation, the selected word line WL2 is connected to 2.4V, so that it is verified that whether 
the threshold voltage has reached 2.4V. In this verify case, it can be said that a verify level is 
2.4V. 

[0033] The selected bit lines (BLe) are pre-charged to a high level, for example 0.7V. If the 
threshold voltage is higher than the read or verify level, the potential level of the concerned 
bit line (BLe) maintains the high level, because of the non-conductive memory cell (M). On 
the other hand, if the threshold voltage is lower than the read or verify level, the potential 
level of the concerned bit line (BLe) decreases to a low level, for example less than 0.5V, 
because of the conductive memory cell (M). Further details of the read and verify operations 
are explained below. 



Mefeods for Identify^ Cells With Poor Subthreshold Slope and Reduced Transconductance 
[0034] As described in the background section, non-volatile storage elements are known to 
suffer from poor subthreshold slope or weak transconductance (g m ), a condition sometimes 
referred to as g m degraded. The present invention presents method to identify cells suffering 
from this phenomenon before they corrupt the stored data. Although the use of error 
correction code (ECC) and other techniques can allow the memory to handle a certain 
amount of error, if too many cells degrade these techniques 
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will be corrupted. However, the difference in I-V characteristics of a degraded cell versus a 
well-behaved cell can be used to identify the degraded cells and remove them from the useful 
portion of the memory before they cause data corruption. The present invention presents 
three methods for identifying cells with poor subthreshold slope and reduced 
transconductance. 

[0035] Although poor subthreshold slope and low transconductance may arise due to various 
causes, such as oxide traps, source/drain regions not overlapping the gate, or other causes not 
fully understood, it is clear that these cells become worse as the memory is cycled, and it is 
also clear that the cell characteristics can be improved if the cycling damage is allowed to 
relax This is shown in Figure 6, where the I-V curve of a fresh good cell (black squares, 
603) differs little from its curve after a large (>10 4 ) number of cycles (open squares, 607), 
while a bad cell after the same number of cycles (open diamond, 605) displays even worse 
behavior than a fresh bad cell (black diamonds, 601). As can be seen in Figure 6, the I-V 
curve of the highly cycled bad cell is almost a straight line and very flat in this semi-log plot. 

[0036] Although the specifics of the mechanism are not vital to the present invention, some 
type of charge model, for example interface states, may play a role in causing the poor 
subthreshold slope and reduced transconductance. For example, if the selected element 
corresponds to WL2_0 in the NAND structure of Figure 4, a possible mechanism could be 
traps in the dielectric at the edge of the n-type diffusion layer intermediate between WL2_0 
and WL3_0. Interface states are described in more detail in U.S. patent application serial 
number 10/052,924, filed January 18, 2002, which is hereby incorporated by reference. 
These defective cells can cause stored data to' be corrupted if the subthreshold slope 
deteriorates to the point that the cell is still conducting even when the gate voltage is below 
the cell threshold. This significantly reduces the read margin and makes the cell very 
susceptible to "flipping bits" if the read conditions are varied and is usually seen when 
memories fail after cycling due to some cells flipping from a programmed to an erased state. 

[0037] The present invention presents several embodiments for determining defective 
elements of the memory. The various methods either can be performed on a new memory at 
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m «me or after the memory has been in operation. This information gained by these 
methods can then be used to map on, defective portions of the memory, both at the eel! leve. 
and at the level of larger stnrctnres (such as the nnit of erase or programming), or, ,f 
performed a. test time, to decide that the entire chip is defective if too large a nnmber of 
defective elements is found. All of the methods test elements by looking at therr propert.es 
biased at conditions differing from the program verify condrtions of the state to wh,ch they 
were programmed. A firs, se, of embodiments looks a, the subthreshold behavior of cycled 
cells by looking at rhe amount of current at a low control gate voltage, a second set looks at 
the transconductance of tire cells a. an increased threshold voltage, and a third se. looks a. 
shifts of the threshold voltage in response to varying source/drain voltage levels. 

10038) This first method is illustrated with respect to Figure 6 and makes use of the fact that, 
after cycling, the degraded cells still have a significant conduction even at gate voltages 
below the threshold voltage. This method begins by cyclmg the memory a number of times, 
say on the order of 10\ and then programming all memory cells to a high threshold state. 
Since these program-erase cycles are no. being performed to store data, they do no. need .o 
include a verify process and, consequently, tirey can be performed more quickly when .he 
cycling is pari of a test process then if they were actually stonng data. In mis case, tire large 
number of program-erase cycles just need .o simulate reasonably well the effects on the 
storage elements of such a large number of cycles. When ins.ead the device is tested after a 
period of norma, operation, this sort of cyclmg will occur naturally. In either case, when the 
device is actually tested, the selected storage elements axe programmed to the threshold state 
corresponding to .he verify condrtion where ,he various curves cross at 1„ V„ Although the 
curves of fresh cells (601, 603) differ significantly below V„ this difference becomes more 
pronounced after cycling (605, 607). 

[00391 After cycling and programming the cells to the high threshold voltage state, the gate 
voltage is then reduced and the cells are read. The sense time can be increased m order to 
identify the degraded cells. If the cells are seen to be conducting at this reduced gate voltage 
they are identified as cells with poor subthreshold slope and are no longer used for data 
storage Well-behaved cells will have minimal conduction under these conditions. For 
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example, in the case of the data from Figure 6, both the degraded and the normal cell, after 
cycling, have been programmed to a threshold voltage of V,. If the cells are now read at a 
gate voltage of Vcg= ~0Volts, the normal cell will not conduct any significant current. 
However, the degraded cell will still conduct more than I', say several nanoamps. If the 
detection threshold is set at, for example, InA, the degraded cell can easily be identified. 
The detection threshold could be set at a predetermined value, using a sellable parameter for 
example. (For this and the other embodiments, although the sensing process is described in 
terms of measuring a current in response to an applied set of bias voltages, other sensing 
methods-where some other parameter besides a current (voltage, time, frequency, etc.), but 
which is indicative of a cell's I-V curve, is measured-may be used.) 

[0040] This method, as well as the others discussed below, can either be performed when a 
new chip is tested or after it has been operating for some time, and at a cellular level or in 
terms of larger logical or physical units of the memory. For instance, at test time, a number 
of sectors or programming units of the memory are selected by some selection process or at 
random and checked. Alternately, the whole memory can be checked, with or without 
cycling. If the number of bad areas is small, they can be logically remapped; however, as 
bad portions of a memory often tend to come in extended areas of a die due to processing or 
other problems, the bad errors may cluster and it may make sense just to reject the whole die. 
If the testing is instead performed during the operation of the memory, it can be in response 
to a number of operations, an amount of operation time, a random number of events in the 
host or memory, in response to an error correction code (ECC) result, programming or erase 
difficulties, or the periodic moving around of data within the memory. In this way, the 
testing can be triggered by the same mechanisms as, and possibly in conjunction with, a 
scrubbing or refresh process, which is described, along with ECC methods, in U.S. patents 
number 5,532,962 and 6,151,246, which are hereby incorporated by reference. For example, 
after a random number of events (either host or memory events), an arbitrary set of blocks 
could be checked in order to determine memory difficulties before they develop enough to 
result in a loss of data. 

[0041] While the first embodiment of the method looks at the subthreshold region by looking 
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at the current level of a cell for a gate voltage less than its verify voltage, a second 
embodiment looks at the degraded transconductance of the storage elements for an increased 
gate voltage. Figure 1 again presents the I-V curve for a normal cell versus the I-V curve for 
a degraded cell where they have been programmed to verify at the point V„ I, . As shown by 
the curve of solid diamonds, the current conduction capability of the degraded storage 
element is diminished, in other words its transconductance has been degraded. If the cells 
are in this state, a normal cell can be distinguished from a degraded cell by sensing at a lugh 
gate voltage and setting the detection threshold at a relatively high current. For example, m 
the case of the data from Figure 1, if the cells are read at a gate voltage of V is at least 
somewhat higher than V„ say V'*2V, the reduced transconductance (poor g m ) will result in a 
much lower current for the bad cell. (Again, it should be noted that the current is plotted on 
a logarithmic scale.) If the detection threshold is set at a value F intermediate to the two 
curves at V, say an I' value of several hundred nanoamps, the degraded cell can be 
distinguished from the normal cell when read under the bias condition of V cg =V. 

[0042] While the first two embodiments of the present invention vary the control gate 
voltage relative to the verify conditions, using a lower value in the first embodiment and a 
higher value in the second, the third set of embodiments are based mainly on varying the bias 
level at the source-drain regions of the storage element, In a NAND-type architecture, this 
can be implemented by varying the value of V read , the voltage applied to the non-selected 
word lines, such as WL 1 or WL_3 in Figure 3 when the selected element corresponds to 
WL 2 As described above with respect to Figure 5, when a selected element (on WL_2) is 
being read, the non-selected elements have their word lines (WLO, WL_1, WL_3) turned 
fully on by the application of an overdrive reading voltage V read . The example uses 
V d =4 5V for a normal read. The third set of embodiments looks at the stability of the cells' 
threshold voltage with respect to variations in the bias conditions at the source-drain regions; . 
both NAND-type and NOR-type architectures, this can be implemented by directly varying 
the bit-line levels, while for a NAND-type architecture this can also be implemented by 
varying the value of V re ad- 

,00431 The third set of embodiments makes use of the behavior that the degraded cells will 
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exhibit a larger shift in threshold voltage V, with varying read conditions than well behave 
cell, For examp.e, Figure 7 plots the I-V eurves of a degraded eel. and a weft-behaved cel. 
for different read voltages: The open squares (707) and open diamonds (705) respectively 
correspond to typica. good and bad cells using the standard V- value, while .he black 
squares (703) and black diamonds (701) respectively correspond .0 typical good and bad 
cells using a raised V„ a value. (Again in this example, the read voltage V- refers to 
overdrive voltage place on the other cells in the HAND string when measuring the threshold 
voltage of a particular cel..) The well-behaved cel. shows a re.atively small shtft 753 ,n V. 
with the shift in read vo.tage; however, the impact on the degraded cell is much more 
significant, as seen in the larger shrft 751. This effect can be used to identify the degraded 
cells by reading a cell at differing source/drain btas conditions and determining whether tts 
threshold voltage suffers a large shift or is relatively stable. 

,00441 Although the methods of the third embodiment can be implemented on a cellular 
,evel they can also be implemented on a block (or other structural) level. In this case, the 
effec'ts of degradation can be looked at for the block as a whole. While mis is also true of the 
firs, and second se, of embodiments, it has particular utility for the third embodtment. 

[00451 Figure 8 plots the threshold distributions of two populations of cells, with the 
iogarithm of me conn, for a particular threshold value V. plotted against V,, These 
populations are preferably based on a physical sttucttue of tire memory, such as a block or 
physical sector, since defective cells .end to cluster physically due ,0 processing or o<her 
defects, but the techniques also apply to otherwise selec.ed populations. In this example .he 
populations are two blocks, one containing only well behaved ce.ls (Blk A), the other block 
has some degraded ce.ls (Blk B). The solid squares (801) and solid diamonds (805) 
respectively give the distribution of threshold values for block A and block B a, the standard 
values of V„, In both cases, the distribution is centered near a value V and fairly tight, 
although the bad cell distribution 805 is less so. 

,00461 Decreasing the bias level a, the source-drain regions of me storage elements, for 
example by lowering the V„„ value of the non-selected elements of aNAND string, results 
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i„ a shift of .he distributions. Th,s wiH respond ,o me same sort of shifts as seen ,„ F.gure 
7 for each of ,he individua, ce,ls. The shift for Hoc, A, shown by .he eurve of open souares 
(803, exhihfts a anal, shift .owards higher V, h value, The dis.rihu.ion 803 connnnes to s,ay 
fairly tight. 

l0M71 Decreasing the read vohage canses a more pronounced shift ,o appear in Ore V. 
distribute of ftre bloc, with .he degraded cells, as shown by .he open dramond <807> * 

end of ,he distribution 807, resufting in a distinct profde relative .o bo.h rhe good Ho* A ( 
L, Has condition) and bloc, B hself a. ,he s-ard Vrad value (805, Thrs Hoc, cou. 
ta be .denufied and eliminated horn the active memory to prevent data corrnphon. T 
identification can be based on the profi.e of me block (i.e., the development of .he tad) by 
comparing its change .0 a fixed amoun. of shift, or comparing it to .he re.afive amount of 
II in oL populafions, such as that of Mock A. For example, a c,off value, show, on 
Figure 8 as W con,d be introduced. V«a is chosen .0 be separated enough from V so 

M me enfire distribution of a b.ock of weft-behaved ce.ls stays below V„„ espt.e . 

change in bias condifions, whi.e .he bad cefts in a block with defects cause a tad .0 extend 

pasuhis cutoff. The value of V_ can be based upon knowiedge of a usual d,stnbu„o„ m 

order to determine a margin above V at which to set V -0 a. 

,0048, As with me previous examples, the process described with respec. to F.gure 8 - be 
erformed either a. tea. time or !a.er, when .he device is ahead, in operahon. As wnh d. 
ther technics, when using me methods described with respec. .o F.gure 8 as test hme «h 
memory (or at me portions being tested) can be subjected to a number of program^ 
cyc ,es before de,erm.ning the distnbufion on which the q ual,ty of .he memory ,s ased 
When .he process is performed after the memory is aheady in operafion, *e contro , « 
penpheral circuitry on .he memory chip can execute me process. For example, me collier 
could perform .he comparison using a seUable parameter based imp.ementafion to de.erm.ne 
whether the tail exceeds the allowed limit. 

l0 049] As noted above, the techniques of the present invention can he applied not to just 
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Flash memories having NOR or NAND architectures, but to memories having other forms of 
storage elements and architectures. They are particularly advantageous in non-volaule 
memories using storage element including a transistor, wherein the data state stored m the 
storage element is based upon the current-voltage characteristics of the transistor, such as 
dielectric memory cells, examples of winch are described in the U.S. patent apphcauon 
entitled "Multi-State Non-Volatile Integrated Circuit Memory Systems That Employ 
Dielectric Storage Elements", by Eliyahou Harari, George Samachisa, Jack H. Yuan, and 
Daniel C. Guterman, filed October 25, 2002, which is hereby incorporated by tins reference. 

[0050] Although the various aspects of the present invention have been descnbed with 
respect to specific embodiments, it will be understood that the invention is protected withm 
the full scope of the appended claims. 
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